Introduction
Since the discovery of high critical temperature superconductivity in fluorine doped iron arsenide LaFeAsO (T c =26 K)
2 , the attention of the scientific community has been captured by Fe-based superconductors (FeSCs).
Among all FeSCs families known, the iron-chalcogenide (FeCh) (FeSe, FeTe, FeSe x Te 1−x ) family has a fundamental importance for the understanding of the structural, electronic, magnetic and superconducting properties of FeSCs 3 . In fact, thanks to their simple crystal structure, being composed by one layer of square Fe lattice tetrahedrally bonded to Ch (see Fig.1 ), FeCh can be thought as a fundamental building block of this class of materials and the perfect test case to study the superconducting mechanisms in these compounds.
FeSe superconducts at ambient conditions with T c =8 K, probably due to presence of Se vacancies 4 . On the contrary, FeTe is not superconductor, however, partial substitution of Te with Se allows superconductivity to emerge, reaching T c ∼15 K at the optimal substitution of 50%. The origin of the superconducting phase is commonly attributed to the developing of spin fluctuations with wave-vector Q = (π, π) (associated with a collinear antiferromagnetic stripe phase (AFM1) in which ferromagnetically ordered nearest-neighbouring Fe stripes are aligned perpendicularly to the antiferromagnetically ordered ones, see Fig.1 ) 3, 5 . In fact, despite the structural and electronic similarities with FeSe, FeTe shows a bicollinear antiferromagnetic phase (AFM2) 6 . Structural properties are found to be strongly linked to the superconducting properties in these materials. Indeed, a strong enhancement of T c up to 37 K is observed in FeSe at pressure near 9 GPa 7 . On the other hand, FeSe thin films under tensile strain of about 3.7% show the suppression of superconducting phase 8 . The role of the pressure and strain has been discovered to be of fundamental importance also in FeTe. Not only pressure does not induce superconductivity in FeTe, but favours a ferromagnetic phase 9 . However, it was shown that FeTe thin films become superconductor at 13 K under tensile strain conditions 10 . A turning point in the exploration of FeSCs was recently provided by the discovery that low dimensionality raises dramatically the superconducting critical temperature of FeSe 1 . Recent experiments, in fact, show exciting properties of monolayer (ML) FeSe, with respect to the bulk phase. In particular, Meissner effect was observed at 20 K in few layer FeSe grown on SrTiO 3 (STO) substrate (lattice constant 3.90Å) 11 . Peng et al. 12 reported an enhancement of the superconducting critical temperature in the extremely expanded FeSe monolayer grown on Nb doped STO (lattice constant 3.99Å) measuring a superconducting gap up to 70 K. There is direct observation of zero resistivity under 40 K in ex-situ experiments 13 and ∼ 109 K in the recent in-situ experiment with 4-point probe 14 . All these results represent rather solid proofs that a superconducting phase exists indeed in FeSe ML.
The Fermi surface (FS) of monolayer FeSe, measured using in situ ARPES technique 15, 16 also as a function of the film thickness grown on STO 17 , reveals that it is characterized by only electron FS at M point of the Brillouin Zone (BZ), apparently losing the hole FS at Γ. Surprisingly, this is topologically different from the FS of the bilayer (and bulk) system, which shows the typical FeSC's FS composed by hole cylinders at the BZ center and electron features at the BZ corners 17 . At the moment various mechanisms have been proposed to explain the high superconducting transition temperature of the FeSe ML. In particular, the electronphonon coupling with oxygen optical phonons in STO which can induce a small momentum pairing further increasing the spin-fluctuation coupling 18 . The role of the substrate was also emphasized in Ref. 19 ; here the authors suggest that the electron-phonon coupling in FeSe is enhanced by the presence of the substrate imposing both structural and magnetic constrains. Indeed, in these particular two dimensional (2D) conditions, an additional role can be played by the substrate and thus by epitaxial strain which may, also, suppress the magneto-elastic coupling.
Considered the reported sensitivity of the physical and superconducting properties of FeCh to structural conditions 8, 10 , in this paper we studied by first principles density functional theory (DFT) the effect of strain on the structural, magnetic and electronic properties of FeSe and FeTe in both ML and bulk phases with the aim of understanding the origin of the enhancement (or of the suppression) of the superconducting phase.
I. COMPUTATIONAL DETAILS
Calculations were performed using the Vienna Abinitio Simulation Package (VASP) 20, 21 , using the Generalized Gradient Approximation (GGA) 22 to the exchange-correlation energy. Van der Waals interactions, not negligible in FeCh systems 23 , were included as dispersive term, using the DFT-D2 Grimme's semi-empirical correction 24, 25 . We studied the strain effects considering different magnetic phases (see below). In order to simulate the structural effects of the STO substrate (which constrains the in-plane lattice constants), we neglected the in-plane magneto-elastic distortion. Once the ground state geometry for each system was determined including magnetic distortions with inequivalent a and b directions, the systems were constrained to in-plane lattice constants a = (|a| + |b|)/2: this is assumed to be the reference system in the un − strained condition. Strain effects were studied calculating the total energy as a function of the applied in-plane strain (varying the a in-plane lattice constant) considering different competing magnetic phases (schematically shown in Fig.1 ): the checkerboard order of the iron spin (called AFM0), the collinear stripe phase (AFM1), the bi-collinear one (AFM2) and the recently proposed block-checkerboard order (AFM3) 26 . The magnetic order along the out-of-plane axis is considered ferromagnetic for all the bulk phases. We used Projected Augmented-Wave pseudopotentials 27 for all the atomic species involved, with an energy cutoff of 350 eV. Integration over BZ was performed using different uniform Monkhorst and Pack grids 28 depending on the lattice: 16 × 16 × 10 for the tetragonal (a × a × c) non magnetic (NM) phase (containing two Fe and two Ch atoms), 8 × 8 × 10 for magnetic cell (2a × 2a × c) commensurate to the AFM0, AFM1 and AFM2 magnetic phases. The AFM3 phase was simulated using √ 2a × 2 √ 2a × c unit cell using a Monkhorst and Pack grid of 8 × 4 × 10. For the ML systems we considered a supercell including ∼ 10Å of vacuum. Using these parameters the total energy of the considered systems are converged to less than 0.1 meV/atom.
The calculations of band structures and FS's have been performed using the NM electronic states 29 .
II. RESULTS AND DISCUSSION
The total energy of FeSe ML as a function of the inplane lattice constant for the lowest energy magnetic structures are shown in Fig. 2(a) . At variance with what was expected in line with the collinear stripe ground state of pnictides, the ground state magnetic order is the blockcheckerboard with equilibrium structural parameters reported in Tab. I. Similar with what found in the AFM1 phase, the magneto-elastic coupling causes the inequivalence of a and b directions.
The magnetic moment of Fe atoms in the monolayer phase is 0.2 µ B higher with respect to the bulk system (see Table I ) and changes slightly (less than 0.1 µ B ) depending on the magnetic order. Fig.2(a) shows that the AFM1 phase is the more stable phase under applied in-plane strain, which induces a magnetic phase transition at a 3.9Å. Considering that the superconducting pairing could be mediated by (π, π) spin-fluctuations, free-standing stoichiometric FeSe monolayer with a (π, π/2) magnetic order is not expected to be superconductor, however it may support a superconducting phase if strained at the STO lattice constant in agreement with experimental evidences 12 . The AFM1 phase increases its stability under applied strain and becomes the ground state at the Nb:STO lattice constant (see Fig.2(a) ) where experiments report the highest critical temperature 12 .
FeSe FeTe |a| (Å) 3.75 4.04 |b| (Å) 3.72 3.51 h ch (Å) 1.44 1.79 |m| (µB) 2.1 2.5 The variation of about 6% of the in-plane lattice constant (Nb:STO) determines a strong effect on the FS, as reported in Fig. 3 . This is mainly due to the contraction of the Se height from the Fe plane, h ch (Fig.1) , which moves from 1.44Å (equilibrium geometry) to 1.34Å at the in-plane lattice constant of Nb:STO. In the freestanding ML, there are three hole-type FS's at the Γ point and two (quasi overlapping) electron-like FS's at the BZ corner ( Fig. 3(a) ). Stretching the FeSe ML at the Nb:STO lattice parameter (Fig. 3(b) ) fills completely the d x 2 −y 2 hole-type band near Γ and makes the corresponding FS to vanish. At the same time, the electron FS's change their shape and shrink as a result of electron counting. ARPES measurements, however, seem to find a different scenario 17 : only electron sheets at the BZ corner are found with no evidences of hole-type FS at the BZ center.
Although the calculated electronic properties do not completely agree with available experiments, we indeed predict that strain induces a magnetic phase transition and a subsequent topological transition in the FS of the ML phase of FeSe. We now consider the monolayer phase of FeTe, a system not yet experimentally realized. As already discussed, bulk FeTe is not superconducting, however the effect of the in-plane strain has been shown to induce a superconducting phase with a critical temperature of 13 K 10 . In principle, a monolayer of FeTe can result more interesting than the FeSe monolayer; in fact, if superconductivity is mediated by spin-fluctuations, FeTe is expected to have a stronger pairing 30 . The ground state of FeTe ML is found to be AFM2 with lattice parameters reported in Tab. I. While the magnetic induced distortion of the square lattice is minimal in FeSe, in FeTe it is sensible. In addition, the magnetic moment of Fe atoms is larger in the ground state (AFM2) of FeTe than in FeSe (see Table I ) and shows a reduction of 0.3µ B in the AFM1 phase. From Fig. 2(b) we note that two magnetic phase transitions take place as a function of the tensile strain: from AFM2 to AFM3 at a 3.80Å and from AFM3 to AFM1 at a 4.05Å.
The FS's shape of FeTe ML changes from the equilibrium (Fig.4(a) ) to the strained phase (Fig. 4(b) ). In this last geometry, the FS shows two hole pockets at Γ and two (quasi overlapping) electron features at M nearly nested with Q = (π, π). Therefore the magnetic transition towards the AFM1 phase with this ordering vector allows the pairing between hole and electron FS's sheets which was hindered in the bicollinear and block-checkerboard phases. Based on these structural, magnetic and electronic properties we propose strained FeTe ML as a good candidate for interesting superconducting properties, potentially better than FeSe ML. The results obtained in the monolayer systems help the interpretation of the effects of in-plane strain on the superconducting properties of FeCh bulk systems. Indeed, for FeSe and FeTe thin films a different behaviour under tensile strain was experimentally reported. FeSe grown on STO shows suppression of the superconducting phase observed on unstrained compounds 8 , while, bulk FeTe becomes superconductor upon the same tensile strain conditions 10 . Total energy calculations performed constraining the in-plane lattice parameter and fully relaxing all the others (i.e. out-of-plane axis and internal positions) show that the magnetic ground state of bulk FeSe at equilibrium is the AFM3 order, and it becomes AFM1 at the Nb:STO in-plane lattice constant. Thus, suppression of the superconducting state in strained FeSe 8,31 can be interpreted considering that strain causes a topological transition leading to a complete closure of the electron FS cylinders at M (present at the equilibrium, see Fig.5(a) ). At a 3.99Å the FS becomes three dimensional (see Fig. 5(b) ), strongly reducing the pairing.
On the contrary, we find that FeTe bulk has a bicollinear (AFM2) magnetic ground state in agreement with experiments 32 . However, a transition towards the AFM3 phase takes place at a 3.8Å; upon further increase of the tensile strain above a 4.10Å, the system develops an AFM1 ground state. In this last phase, bulk FeTe preserves both hole and electron sheets although with sensible differences with respect to the equilibrium phase (Fig.6) . On the basis of these results, the experimental evidences reported by Han et al.
10 find now a natural interpretation: strain causes AFM1 spinfluctuations which couple the hole and electron FS sheets via the AFM1 Q vector.
In order to possibly guide new experiments towards the use of alternative substrates to properly tune strain conditions in both bulk and monolayer systems, we investigated the mechanical properties of FeSe and FeTe ML to obtain information on the stiffness and breaking strength of these compounds. Starting from the equilibrium structure, we studied the stress-strain relation for FeSe and FeTe ML and report the results in Fig. 7 . Here, the tensile strain is defined as ε = (ε xx + ε yy )/ √ 2 with ε xx = (a − a)/a and ε yy = (b − b)/b 33 , being a and b the lattice parameters alongx andŷ directions respectively 34 .
The stress-strain curve for FeSe and FeTe shows a maximum at the critical strain of ε = 0.33 and ε = 0.39, respectively. Although the corresponding maximal stress (σ F eSe max = 11.9 GPa and σ F eT e max = 9.1 GPa) is very low compared to other monolayers as graphene or dichalcogenides (i.e. MoS 2 ), these results demonstrate that both compounds can support relevant strain, comparable with what recently found for phosphorene 35 . This can open the way to future growth of superconducting chalcogenides on different substrates with quite large mismatch. 
III. CONCLUSIONS
Using first-principles DFT simulations we calculated the mechanical, electronic and magnetic properties of FeCh in 2D and bulk geometries under in-plane strain. Our predictions show that:
(i) The magnetic ground state of monolayer and bulk FeSe is the block-checkerboard. Application of tensile strain produces a magnetic transition towards the AFM1 phase with the closure of only one FS at the Γ point in FeSe ML.
In the bulk geometry, strain induces a topological transition of the FS at M , that can be at the origin of the suppression of the superconducting state.
(ii) If FeTe ML could be strained above 9%, it will achieve all the requirements needed to observe a superconducting transition: AFM1 magnetic ground state with hole and electron FS's sheets nested with the proper ordering wave vector. The same effect is predicted also in the bulk phase as well.
(iii) Both FeSe and FeTe ML have large enough mechanical flexibility to support critical strains up to ε 30%.
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